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sum..? 
The r e s u l t s  of' an  experfmental.  investigation mad-e for 

the purpoee o f  developing 'eui table .  jet-engine nacelle  deaigns- 
for a high-speed  medim -.bomber a r e  presented, Two t pes of  
nace l l e s  were Invest igated,   the  first enc loe i r !  two LOO- 
pound-thrust J e t  englnea and a 65-inch-dfameter l and ins  wheel 
and. t h e  second enclosing a eingle 4OOGpound-thrust j e t  
engine. Both types of nace l l e s  were teated in p o s i t i o n s  
under8l?mp  beneath the wing and c e n t r q l l y   l o c a t e d  an the 

" wing. 

T h i ~  report  s u m a r i z e s   t h e  investlpation whlch vaa 
performed at lev? speed for the purpose of developing .entrance ' 

and body shapee of sui table  form. Included a r e   r e a u l t s  'from 
the high-speed portion of  the inves t lga t ion  on the  characte- 
istics .of an underslung- nacelle.  

. .  
The nacelles  developed s h m  desirable aerodynamfc charac- 

t e r i s t i c s .  The pressure recovery of Yne i n t e r n a l  f low a t  the 
face  o f  the conpressor ie found t o  be greater than 90 percent 
o f  the t r e e s t r e a m  dynamic preasure f o r  ell flight condftions 
tes ted .  The drag of all nacelles comparge- very  favorably 
w i t h  similar bod.les used for housing conventional  air-cooled. , 

engines, the average drbg coefficient Sased on frontal area 
beSng approxJmete1y 0.050, Locating lfne nacelle In an under- 

- s l u n g  position benesth  the wlkg r e s u l t e d  i n  an emec ted  shift 
of the  angle-of-zero lift due t o  the adverse  effect8 on the 

e f f e c t 6  on the maximum llft ana-pitching-moment charac tep  
Ltetica were  ExperLenced. The CritiC&l~~Ompre6gibi~~ty speed 
f o r  t h e  combinP-tim of the wing a_!d each nacz l l e  is equa3 t o  
o r  above that o f  the p l a in  wing a t  %-et-velocity ratio8 

- span load dlst r l5ut ion. .  Negligible adverse  inferference 
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IEM7RODUCTfOM - 
In order  to u t i l i z e   n o s t   e f f f c i e n t l y   t h e   r e s e a r c h   f a c i l i -  

t i e s  o f  t h e  laboratories o f  t he  National. Adpisory Committee 
for Aeron~u t i c s ,   t he  Alr Technical  Service' Uommand of the 
United Sta tes  Army Air Forces i n  announcin a new Clesign 
competitfon for a medium jet-propelled born E ardment airplane 
conferred with member's o f  the staff o f  t h e  NACA t o  formulate 
a researoh  program whioh would adequately  covm a l l  research  
needs  asaooiated with the bomb-er deeign competltion. The 
various research  programa needed to provide  design  informa- 
t i o n  were ,formulated i n  conferences a t  Wright Field. This 
repor t   p reeents  a summary of the reeearch  concerning  the 
deveLopment .of: aatisfactory jet-engine naae l lee  that waa ' 

undertaken . a t  the Ames 7- by 10lfoot and 16-foot  wind tunnels  
by-W, F. Devis, G. B. "hul lough,  G. E. &lieon ,  J. R, Pengal, 
and the  author. 

The .nacel leB  Invest igated were . spec i f fed  a8 follows: 

. .  . . ,  
. .  

" 

. .  

A. A nacells  underslung benecrt'n the  wing  homing two 
400~pounB-thruet  axial-flow j e t  engines and one - I  

65-inch-diameter  1and.ing  vheel . 

t w o  hO%pound-thruat axial-flow. Je t   engines  ana 
e 6+1nc~d1cuneter landing-wheel 

. .  . -  B. . A nmel le   cen t rp- l ly  .LocAted  on the wing enclosing 

C. A n'ac.elle.  underslung beneath the wing enclosing one 

D. A nkce l le   . cen t ra l ly   loca ted  on % h e  wing housing one, 

' ttooO-pound-thrust axial-flow J e t  engine . 

400O-pound-thrust axIs-I-flow j e t  engine. 

Viewi of t hese   , nace l l e$  m e  ahorm in f i g u r e  1. 

were outlined aa being necespary for a - e a t i s f a c t o r y  BoBign: 
I n  developing. the nace l l e s  the f pllor.ring.requirements 

1. The arrtxgernent o f  J e t  engines and wheels t o  give 
" 

sat isfactory  aerodynamic  charact-er ls t ics  without 
l ,ntrod.ucing undesirable structural ,   maintenance, 
o r  ~ C c e s s i b L l ~ t y  problems 

" 

i 
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2. Tile e t ta inment  of  a8 hiFh critlcal-compressibility 
speed for the  wing-nacelle cokblnation ae f o r  the  . 
iBOl2.ted  wing of the eirplane 

3. The' attainmefit of low externa l  drag throughout the 

4. The attainment o f  very lov r  to ta l -pressure   losees  i n  

speed ra,zge - 

t he   i n t e rnd - f low system up t o  the   fece  of the j e t "  
engine  compressor and a E i f o r m  6 - i s t r ibu t ion  of 
v e l o c i t y  over the f m e  of the jet-engine eonpresaor 
at all operat ing conditions 

5. Elinimurn In t e r f e rence   e f f ec t s  of  t he  nzcelles on the 
Lift and Eornent characteristics 
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F front2.1 are2 of mxe l l e ,   squa re   f ee t  

a. frec-stream  dynzmic pressure (hpv,"), pounds per  . :. I 
r 

squp-re f o o t  . .  . .  

- .  v, free-s t rean  veloci ty , .   feet   per   second ! 

P pas8 densif;y, sluys per cublc f o o t  
.. 
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%/c p i t ch ing  moment about the  quarter-chord  l ine,  poun& 
f e e t  . .  

-- I 

" 

%r 

vi v e l o c i t y  o f  eir a t  duct enk-ance, f e e t  pes  second . "  - 

. .  

crLtical  Mach number 
" 

.. , . .  . . ." . ." . .  I 

P free-stream g ta t ic  pree,sure, . . pounds per  square - .  f o o t  - 

P t  l o c a l  s t a t i c ' p r e s e u r e ,  . . .  . -. pounds per  square  foot. . 
.. - 

." 
" . .- . . 

DESCRIPTION OF MODZL AND APPARATUS 

The wing panel y i t h  the varlous nace l l e s  wae mounted 
v e r t i c a l l y  in the  Ames 7- by 10-foot  wfnd tunnel  s o  that the 
gpan extenCeit acroas the 7-foot  dimension of t h e   t e a t   s e c t i o n  
as i nd ica t ed  i n  figure 2. The node1 !?ring panel  represented a 
aca led   por t ion  of the sp8n of a t y p i c a l  high-speed bomber 
alrcraft with an  untvristed wing of aspect r a t i o  g , O  and a teper  
ratio of 2.5 to I * O .  Figure 3 shows a sketch of this a i rp l ane  
with the  o r t i o n  o f  t h e  span u e e a  for the model tes ts   designated.  
An NACA 8 51-210 a f r f o i l  bec t ion  was. uged, The wing panel a r e a  
was- 22.gO2 Baume f e e t  while the chox3 at the  - tunnel center  
line was 3.359 f,eet. 

A model sca l e  of  0.2166.. wag used which. corresponded to 
an a l rp l ane  sgan. of 116 f ee t .  The _center_ l i n e s  o f  t he  nacelles 
were  located 13.35 percent  of  "the v ing  span outboard f r o m  the 
plane of. g y m e t r y . o f  t h o  full-scale ?.ring, The model waB 
equipped v i th  both  2$:~ercent-chord B l o t t e d .  f laps and 30-percen% 
chord n p l i t  flaps. . .  

.. . 

L 
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' All n a c e l l e s   i n   t h e   s e r i e s  were mounted i n  the .same .. ::.;:.. 
r e l a t i v e  position on the  wing. A i r  xas: dra??n through"t6e m L  ' -:. . 

i n l e t  ducts-of epch model by -an ai; ;craft-t~e. .su~erch.arg.er - .  . 
that  was h c a t e d   o u t d d e  %3e t e s t  ckam3er. --', TE.e-.air  'flol-red- 
through the  i n l e t  6.ucts 1n't.o 'a p.l*enurn -chamber- fn.:.the  .center 
of  edch  npcelle ae ehown i n  f i g u r e  2; f r o m  there:-:i% was,. 
drwrn.  t5rough  the hol low spar o f  t$-e, wzng, theri;thymgh a' . : 
mercury s e a l  that I s o l a t e d  t h e  dgcting from the..ec:a%e-.system, 
and- finally i n t o  the supercharger. . 

The quantity o f  a i r  f l o v h g  thr&&the  3.nt&nal-duct 
system was .measured 5y the   presaule  drop acroea a cal ' ibrated 
o r i f i c e  and cont ro l led  by a t h r o t t l e ,  The meaaurements o f  
the  internal-duct  losses and the  Veloclty .df8trIbU$iOn 'at . 
the  face .of  eech compreesor 7aTer.e neesured by a r&e consist+ . 
Lpg pf 36 total -pressure w d  % s ta t ic -pressure  .tubes cppnec.ted 
t o  an i n t eg ra t fng  macorneter. plxe presgime .distribution over . 
c r i t l c a l   s e c t i o n s  of t h e . n a c e l l e  172-8 meaaur.ed by f l u ' a h - t y p  . 
or - i f i ce s  -that were coinected. t o  multiple-tube. manometers and 
photographically recorde6, - .  . -  

I 

Design of. Nzcelle . -  . .  
T h e  de&n .of each nacelle B based p r i m a r i l y  on  tke  . . 

l oca t ion to f  the i n t e r n a l  rnembers'?Jet engine and landing 
wheel) v l th  r e spec t  t o  the ?ring. The J e t  engines of': &he tvq- 
uni t   nece l les   vere   p leced   ??e l l  forr.rerd on the wing to :aid i n  
provid.ing proper b?-,lance t o  the airplane.  Their. forifa@ 
p o s i t i o n  was - I f m l t e d . ,  hotiever, f o r  the tall pipes  could: riot . 

S e  of  such length as to cause  exceeeive  losses i n  eligime 
thrust. Aa reference& I *and 2 & o w d  the a d v a t a g e '  o f  a 
cusped-type  outle-t, the  landing -xheel was rqtracted.into. a 
forward p o r t i o n  of  t he  nacelle t o  al1oT-k the e.ftesbody t o  ' 
t ape r  more. grsduslly m-d the center  of gravltg o f  the landing 
gear t o  be-'foyward during normal fllght. To obtain t h e .  ' 

cuspe5"type. afterbody shape it w a g  .necessary t o  curve the  t a i l  
2 lpes  ellghtly t o  form contfguoue t a l l -p ipe   ex i t s ,  

I n  dhaigning t he   ex t e rna l  shape. of the nace l les ,  the '- 
f r o n t a l  and Eturface areas ?:ere kept as smal1 as pqBBible. 
These aree-s vere  determined t o  a c e r t a i n  extent by the  
p re s su re .  dfstribution tha-t <;as requir.ed, I The forebody of  . . 
each  nacel le  m a  d e s i p e d  t o  produce a distribution o f  
v e l o c i t y  a long  the nacelle and over. the' lips' whf-ch would glve 
no l o c a l i z e d  velocity peajcs. Based on. the results of 

! 
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referehces 1 and 2,. a 113 shape was ael&c%ed r.rl . th a l i p  r ad ius  
of  approximately'Oo005  times  nacelfe  chor8,akd  cmbered ae ' 

indicated  from the r5ferknceer . '   contract ink  the  l ines  o f  the  
in t e rna l   duc t  slightly a f t ,  of  t he  l i p  greven ted   s t a l l i ng  of  
the f low frorn'the  inner  -surfe.ce- .at. high: m @ e s  of  _attack &d 
permitted  ?very  hi ,gh.p?eskure  recoveries  for alJ operat ing 
congi t iona.  , The; e l l i p t i c d - t y p e '  noee  entrknae .was 'used on 
the   tw-un i t   nace l l e s ' a s  it made' pos~ible~a. more unifo'rm . 
d-ietr ibut ion o f  camber and. thickness  ab0u.t the per'iphery of 
the  nose  inlet   than vas - .  possible with aepare-te circultzr.. o r  
rectangiilar  entrances. 

- 

. .  

. .  
. . :. ~ . .  - 

Tn the '   v ic ini ty   of  tbe wing, -the  lon&tud-inal  curvature' 
o f  eech nace l le  fa i red  into the main  body of constant  cross- 
sectj.on. me. general  body l i n e a  were' eelectedc t o  give  constant 
cro9.a-section  area f o r  the  oentral-aeot . , ion  of 'eech  nacel le  t o  
minl..mize. the incremental- veEob$$iBB over  ' the  :nacelle  in the 
region' of the wing.' ?he shape of.'the afterb0d.y ~ ~ 8 . 8  designed 
to avoid severe advelr80 p-ressure.  gradients  and  tapere.& rdotm 
t o  a cusped  out le t  ( r e fe rence  1). - 
high-speed  inlet-veldcity ratio. of  0.6 which would- m e e t .  t he  
a i r - f low reauirement o f  ,each eng ine -a t  k- t rue  a i rapeed o f  
550 miles   per  hour at a n   a l t i t u d e  o f  40 000 f e e t ,  .This. value 
.of t h e  inlet-velobi ty  ratio m a  se lec teh   ( re ference  2)  becau'ee 
it w a ~  high 'eqougb to   p revent  the formatlon of lowlpressure 
regions on the axternP.1  surfaces o f  .the dubt  ilpi'and st i l l  

-permit, a high  internal   pregmne-. rec&ery.  The Man-unit' 
in take  ducts   eaparate  fr-om a oommon entry a t  the.-riose' o f  t h e  
nace l le  and expand at a' c o n s t k n t - r a t e  ih a n  e x p m s i o n . r a t i o  
of  l:I+2 from a sem$elliptical entrance,.&ape t o  a c i r c u l a r  
seot ion a$ the compresaor i n l e t . .  !i?he"gin$le-engfno nace l l e s  . 
have the  sarne.expansfon r a t i o  v?th' a circular I n l e t ,  shape, ' 

The expansion L e  grafi-ual and there   a re .  no sharp bend& i n  the 
d a o t s  80 that eepara%ion. of  t he  i n t e r n a l  ff-ow i s -avoided ,  The 
d e t a i l  of the internal duct sys t ems :  is shoini i n  t h a  cutaway 
drawings  on.  figurea 1 and 2, .. . . -, _. :. . : 

I T h e  dodg - l ines , '  o f  each nace l le  were. eketched  about ' the 
wing  and i n t e r m i  members. I n  order  t.0 b e f t e r ' v i s u & l i i e  t h e  
proposed nacelle sh-apk, a G r n a l . 1 '  i-'oo'den model- of.. the-  'ring, j e t  
engines, tin& landing'T.rheel vas  amembled t o  scale' and covered 
vl th  modeling cley; . . : . . The, - . . clay s&.s f a i r e d  " " .  t o  the pro7osed- body 

The I n l e t   a r e a  af'e8.ch:dubt entranoe was d e a i p e d  f o r  a 

. .  . -  

. . _  . "  - 
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l i n e e  t o  permit a vleud. examLnation o f  the  nacel le   shape,  
The small.rnodels  were of  particular .a la i n  developing  the 
f a i r i n g  f r o a  the w i n g  trailing edge t o  the  nacel le   af terc" ,  
body. Afte r   t he   nace l l e  Lines vere developed with t he  
des igned   l i p   r ad ius ,  cambered  forebpdy,  atraight  center 
s ec t ion  and cusped  afterbody, the f ive  c o n t r o l   l i n e e  were. 
matched with second-depee  curvea by the proper   se lec t ion  
of  the   cont ro l  ~ o i n t s  as e m l a i n e d   ' i n  the amendix.  The 
Cont ro l   l i ne  d&Lngs for t h e   n a c e l l e s  m e  ihoTm i n  figuPet3 
4 to 7. . .  

- .TESTS 

All the  data have been  corrected f o r  f l u i d  compressi- 
bility and for tunnel-wall In t e r f e rence  on the wing panel. : 

The t a re   fo roes   r e su l t i ng :  from $he a k t r b f r i c t i o n  d.rag of  the 
win&tunnel stream rlowing across   the  end plates of the  model 
ar,d from leakage about the end plates have not been measured 
and are   included I n  the force-test  dzta becauge they a r e  emall 
and vould have no e f f e c t  upon the incremental   forces caused 
by the  addl t fon of  a mcel3.e ' t o  .the -t.rlng, The. t e a t  results 
are   .presented f o r  a Mach number of 0,14 and a Reynolde number 
.of approximately 3,400,000 based upon the chord of  the  pang 
pane l   a t  the tunpel   center  line, 40,.310 Inche's. All t e s t  
r e s u l t s  were  obtafncd &.th &. ta i l  cone i n s t a l l e d  8s shown i n  
f i g u r e  2, . -  . .  . 

The external   drag of  each  nacelle was obtained by 
sub t r ac t ing  the .d rag  of th8 wing panel  m d  t he  drag of  the . 
i n t e r m 1  f low system f r o =  the  t o t s 1  Crag a6 meaaured by the 
wind-tunnel  scale  system. The i n t e r n a l  drag was computed 
from t h e  ineasurements .of t he   quan t l ty  of  a i r  flowing through _. 
the  duct  system by the method .of reference 1. It may be - . 
Been r e a d i l y  that &B t he  wing and i n t e r n a l  drag fo rces  are  ' 

l a r g e  i n  comparison with- the tots drag force,  any lnaocuracy 
In measurement would appear as a la rge   p ropor t ion  o f  the 
external   drag  force.  I n  order  t o  reduce this e r r o r  t o  a 
mlninun, particular care  was taken i n  obtaining all drag . 

measure~enta;  and the accuracy of ths ex te rna l   nace l l e  drag, 
based upon i t e  frontal area, was r.rfthin k5' percent. 

. The , cons t r i c t ion   e f f ec t a  resulting from the l a r g e  size 
Of t'ne twbun i t   nace l l e s   r e l a t ; i ve  t o  the tunnel  size Were 
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estimated from reference 3 t o  hzve  reeul ted  in-about  a 3-percent 
e r r o r  in the dynamic p reewre .  The e f f e c t  o f  a i r  ind-uction i n t o  
the  nacelle,  noee a l ~ o  cauFed-an  error i n  t h e  dynamlo preeeure 
which wae of approximately t h e  same magnitude,  but of opBoeite 
s i p .  :AB theRe t w o  corre-ctl.c)n#  tended t o  compensate  each  other, 
no cor rec t lon  wae made for e i t h e r .  

T h i d  r e p o r t  summarizes the r e s u l t a  o f  t e s t e  encountered 
i n   t h e  d.cP1gn of  nace l lee  : f o r  i n p t a l l a t l o q  on a t u n  low-drag 
high-critical-epee& Wing. . .  I n  .applyfng  the t e e t  r e d t s  t o  t he  
design o f  a m c e l l e ,   t h e  l.inl.tationP of .the wind tunnel must be 
t d e n  , i n t o  account. The offec-t  of.$hree-dlmensional f l o w  upon 
the e n t i r e  w l n g  will chenge the  ineremanta1  valuee,  3arti.c- 
u l a r l y  i n  . the high-lift atti-tube.8 v.lnere t3e stalling charah  
t e r i P t i c a  o f  the wing.panel will be ' d i f f e ren t .  

The  adc'.iiiXon of the underelung nace l lee  t o  the  vina: pznel, 
flaps retracte'd,  reeulted. i n  an   increaee   in  the angle o f  zero . 
lift a n d  con~equont  loee i n  lift. a t  low angloa o f  a t t a c k ;  
whereoe the   gent ra l ly   Ic rcs tea   nace l les .  showed no apprecfable . 
change. Eowever, the  Elope of  ' the l if t  curve.  increaaed 
e l i g h t l y  for. all nacel lee . ,  The change In the   l i f t -curve  
c h a r a c t e r i e t i c s ,  ehown i n   f i g u r e  8, l e  a l e o  t a b u l a t e d   i n  
table I.. The increment In  rnaximum lift 6.ue t o  the  . d o t t e d  
f lapg wae reduced by the  e.dd.itfon of the nacel lee  y3artl.y 
becmee of the  decreese in f lap  @pan ( twin-uni t   nacel les)  
and a lso because of the   in te r fe rence  of t he   nace l l e s  upon 
the   c i rcu la t ion   about   the  wing. On EL f u l l - s c a l e   a i r p l a n e , .  
the  aLrplane.  loas i n  lift would, be reduced_ t o  Ebout tw-tkirds 
of that ehown in' t he  Tarind.-tqnnel t o e t g  'the-._wi.ng >anel 
represent8 64.6 percent  0.f the  aernl~pan  ving  area.. The lift 
charR.cter is t ice  vex? Pound. t o  be  independent o f  the i n l e t -  
v e l o c i t y  ratio.  

The Flight change i n  t h e .  lift oharacterFet ics  o f ' t h e  vingj 
r e e u l t i n g  from the  add . l t ton  of t h e  central nacel leP,   indicates  
that t h e  spa.nwise l i f t  distributi68 o f  t h e  Wing mwld remain 
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e l K O s t  unchanged, whlch l e  a deskrable c h a r a c t e r i s t i c  for 
aerodynanlc end s t ruc tc ra l   des ign .  Fbr the under-alung 
nacelle,   hovever,   the  incre 'nen6al  velocltfes add only t o  
t he  wina  lopre-surface velocit iee  decre-aeing  the l i f t  over 
the   por%ion o f  .the w€ng a f f e c t e d  by a nacel le .  Thls 
c h a r a c t e r t a t i c  i s  undeslreble  and should be reduced t o  a 
minimum i n  o rde r  t o  remove 3he ixvqplarity i n  t h e  s q m -  
wise .load dietrfbut ion.   Modif icat ion of  the wing.-  adjacent 
t o  the n a c e l l e s  to give increased cember 0-r chorc?. o r  a 
cornbinatton o f  bo th  may be used t o  alleviate this condl- 
t ion .  

To r ee to re  some .of .the mxlmum l i f t  10e.s cue t o .  
n e c e l l e s ,   s l o t t e d  fl2.p def lec ted ,  f;le clearance  between ' 

t he   i i e f l ec t ed   f l ap  arid. t he  Sfde gf .t3e  und-erelung  ne-celle 
waa reduced t o  a mini r im by extending  the f l a p ,  r e s u l t i n g  
i n  the increp-sed l i f t  ehom i n  f t g u r e  9. The o e n t r a l  
nace l l e  m a x i m m  lift l o s s e s  were reduced t o  negligible 
amounts by the  e M i t i o n  o f  a, siq3l.e a p l t t  f l ap  (fig. 9.1 
t o  br idge Yn cutout i n  the slotfed .flap and shq3ed t o  
f l t  the contour of the necsl le  -Aen i n  the r e t r a c t e d  
posi t l_on.  

I 

I 

I 

I 

I 

1 

I 

The lift char?,c%eriatioe o f  the p l a l n  .;ding m d  ' n ace l l e  
a n r i t h  30-prcent-chord s y l i t  f l a p s  are a l a 0  ahmm i n  
f i p r e  9. Fkd11.cing the  clearance be txeen   the   ne .ce l le   and  
the de f l ec t ed  flap t o  a minimtzrn inc reasea  the m a x i r n w n  l i f t .  I 

. .  
I 

The t o % d  drag Dolers o f  t3e  vsrious vfng-nacelle. 
combinations are shoim i n   f l g u r e  10 for- ze ro  In le t -ve loc i ty  
r a t i o ,  The drag c h a r a c t e r i s t i c s , .  fla20 d e f l e c t e d ,   a r e ,  . 
presen ted   In  f i p r e  11. Tle external-drag c o e f f i c l e n t a  of 
the nacel les ,   based on the frontal a r e p s  given i n  table  I, 
are- shown In f i g u r e  12 f o r  vprious Fnflokr rates. - 

The l a y e  v a r i a t f o n  of the externe.1 dr@ of t h e  unde+ 
slung nace l le& Teth a r q l e  of  at tack was caused by the  change 
i n  the span 1oe.d d i s t r i b u t i o n ,  -4s thi.8 effect i 8  undeelrable  
s t ru-ctural ly .  eml aerodyn@m+cally, it LB belLwe2- that the 

I 
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condition  may  be improved by  extending  the  wing chord n e e r  -the 
naoelle. . . . - . . . - . - - - - -. I - - 

Figure 13 was croas-plotted  to show the variation of 
nacelle  drag  witb..inlet-veloctty  .ratio  at  angles of attack 
correepond.ing to that f o r  high-speed  flight -e,n2. clhb. In the 

underslung  nacelles'  remeined  below  that of the c e n t r a l  nacelles, 
The effect of drawing a i r  into the  dxcte of all nacelles was 
to red.uce  the  external drag. 

. I  . .  

. range of norma flight-velocities,  the  -extern& drag of the 

a .  

Pitching-Koment  Characteristice . 

The effect  of nacelles on the plain wing pitchine 
moment  characteristi s ?me destabilizfn as ahown in figure 14. 
The variation In acJaC~ 1s tabulated .FOP all nacel lee  
in.table I. Though this effect may be n?inirnlzed by reducing 
the length of' nacelle  ahead of the  wfne, 'the  change  may  have 
.an adverse  effect on the oritioal-speed  characteristics. . 

Internal FTow 
. .. - .  . .  

The  total preasure-recovery at t h e  face  of the compressor 
- 1  

for the various nacelles 5me f o u n d  to be satisfactory, the. 
pressine  recovery  bezng  over 93 percent- of' the  dyrmnic 
presaure  and. the :velocity  diatributlon  Varying. l e a s .  t han  f2 
percent. Both  aingle-unit  nacelles  obtained LOO-peruent , 

preesure  recovery within the limit of accurp-cy of measurement 
a8 shown in table I. These low internal-flow  losses  were due 
to t h e  veryssmall  eximnsion of the internal  ducting:,  The 
fact  that  the losses  remained 1oT-r over a vide range of velocity 
ratios through the angle-of-attack range ehowed t h e ' u ~ e  of 
large l i p  r,ad.fi..anli  shaping of the inner surface of the lower  
lip to be satisfactory:, 

I 

It xi11 be no ted  t h a t  no w o v i s i o n  wa8 made for bleeding 
air f rom the intake  system  for  u8e In cooling  the after-portion 
of tile motor.  For  these  nacelles it i e - a n t i c i p ~ t e d  that cool- 
fng air  oould be gupplfed by saell submerged  duct  entrances 
on the  sides-  or  under-furface of the  nacelle bo8y. 

. "- 



. 

As l o n p r a n g e  f l igh t  nay -reqvlre   s ingle-unt t   opesat . ion 
of a two-unit nace l l e  'for rnaxlmn economy, one  duct d f  
nace l l e  A w a s  closed o f f  by means o f  a eoLld p l a t e  imer t ed  
behind  the  rake.   All-the air then   paseed   th rough  the   o ther  
d-uct. The preaeure  recovery  in ' this   condi t ion  remained . ._ 
unchanged at lo r i  i n f l o v  ratea and drqqed  o f f  bu t   e l l gh t ly  
at  hFgh i n l e t  velocities; f o r  a n   I n l e t - v e l o c i t y   r a t i o  o f  
1.20 the  recovery 7 m 8  94 percent* - -The lift,' drag, and 
pitching-moment c h a r a c t e r i s t i c s  remained  unchanged from . 
that with d u d .  .operation. 

u. ! 
I 
I 

L 
. .  

I 

- .  

I 
1 

L 

Pre 'seure  Distr ibut ion and Estimated Cri t ical  Speed 
. -  

. . .  

The Dressure. d i s t r ibq t fon  o v e r  the  corr'eeponding -basic 
lineer o f  &:ach nace l l e  i u p  ,er and 10.: v e r   c e n t e r  l i n e s  -ana . 
rnmi.mum half-breadth l i n e  vas found t o  be. 60 siyilar that 
all were  re?2resented by a slng1.e t y p i c d  curve at a gtven " . 
i n l e t -ve loc i ty   r a t fo ,  The estimated c r f t f c a l  speed c'nara- '1 
terist lcs for t he   ex t e rna l  lips ( f i r a t  10 percent .  of nace l l e  , 

l eng th )  a r e .  .ehovn i n  f i g u r e s  15(a), 16(a), and l7(a), while 
representat ive  preasure-dis t r ibut ion  curve8 are gfven i n  . 

f l g u r e s  lg (b )  t o  17(b) f o r  varioue angles o f  attp-ck. The 
c r i t i c a l  .&cki number cha rac t e r i s t i c s   hzve  been  estimated 1 
from the l o v - s p e e d   p r e s s u r e   d l s t r i b ~ t l o n  .by the  methad. of 
re ference  4, which 18 applicable t o  tvc-dinensional'  flow 
only. IIowever, the devie t ion ' f rom the more p rec i se   t heo ry  , 

( r e fe rence  5 )  3x1 'negligible f o r  bodies of f i n e n e s s   r a t i o e  
of the order used f o r  the nacelle'whlle it i e  belleved that  
the l i p  shapes and Camber used on t h e  nacelles a re ' abou t  the .. 
optimum,  some decrease Fr!. lip camber m8.y be permit ted  without  
eer ioue   e f fec ta ,  

P * .  

! .  

. .  I 

- .  
I 

. .  I 
' The typFcaL preaeure d i s t r ibu t fon  over the nace l l e  i s  

presented i n  figures .15( c) t o  ,2?(c) while the est imated 
critical ~ a c h  number v a r i a t t o q - i s -  shown i n  figure.s 1.5(a) t o  
17(d) A 8 . m  eevere  adverse  pressure gradieizts occurred 
over.  any  nacelle'  forebody - f o r  the  "rzormal hfgh-speed f l i gh t  , 
range .and as the c r l t l c d l r c o m p r e s e ~ i l i t g   s p e e d s  at inlet- .  
ve loc i ty  r a t l o a   g r e a t e r  than 0.6 were i n   g e n e r a l  above that 
of th.e p l a i n  wing, t he   . nace l l e ' des tgn  vas .conBiaered  eatia- 
factory.. .. . 

." 

I 

I 

i 
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' The meamred  preseure   d i s t r ibu t ion  (figs. lg and 19) f o r  
the  wing-nacelle  uncture f o r  all nace l lee  m e  independent 
of  inf low  ra te .  marked dec reaee   i n  the 1 i f L c o e f f i c i e n t .  
range for hi h c r i t i o a l  speed compared t o  that for t he  wing 
vms aoted. E na lys i s  of t he   f l ov   mound   p ro la t e   sphe ro ids  
showed th i s  t o  be due t o  t he  fact that the  ju'ncture a f r f o f l  
sections  experience an angle-of-attack chanp  appreoiab ly  
g r e a t e r  than t he  €Gometric  angle-of-attack  charge given t h e  
wing. This r e e u l t e   i n   t h e  e a r l y  formation of pressure  peaks 
on the  nose o f  t h o  j u n o t u r e   a i r f o i l   s e c t i o n ~ r - w i t h  a c o n s e  
quent  premature rapid deorease ' in   the  egtfrnated c r f t i o a l  
speed, - .  . .  

I n  order  t o  'el irninete .this pre8Bw.e peak the nacelle- 
wing junc ture  of nace l le  A waa f i l l e t e d  at t he   l ead ing  edge 
of the junc ture   sec t ion  eo that i n   p l a n  form the   junc ture  
seot ion becomes of   g rea te r  ckorh a& the nP,celie if3 approached. 
Figure 18 shows draw?_nga of the j u n c t u r e   i n   i t a   b e e i c   a n d  
m o u f i o d  fo,rm. The e f f e c t   o f   t h s - f l l z e t  on the   p ressure  
d i s t r i b u t i o n  of' the   juncture  is a ls 'o  shopm, It should be 
s t a t e d  that  nose.;pressure peak6 i n   t h e . j u n c t u r e  are Quito 
locali 'zed and a r e   i n  a genoral ly  favorable pressure  eraclient. 
The e f f e c t  o f  this local peak on the  drag o f  the wing-nacelle 
combination  cannot be estimated.. . 

- 

.The addi t ion  ofr' the o e n t r d l y   l o e a t e d   n e c o l l e s  .to t he  
wi.ng r e d u l t e d  iri ' a n  -appreciable ' t n c r e a e e   i n   t h e  minimum- . 
pressure peak , o f  t h e  wing R t  50-percept wing chord. - This 

. reduced  the.crLtl .cal  speed of the c.omb;ination beLow that of 
t he  wing even R t  t h e  hlghrspeed L i . f t  c o e f f i o i m t e ;  The use 
o f  long-chord fillet k f r f o i l  soctions  reduced the adverse 
'influence of the  riacello  on this preeeure peak ( f ig .  191, 

.. 

' High-Speed Tests . 
.. . .  . . - 

The twin-unit ne,cclles were i n v e s t i g a t e &   i n  the Ames 
. .  

l 6 - foo t  high-speed wind tunnel. Some o f  the high-speed, 
characteristics o f  m o e l l e  A E?re presented. i n  f igure .  20 i n  
order 'to show a . b r i e f  compmieon  between the law-speed 
estfme.te-d c r f t i c s l  &ch number. chare '~c t8r ia t ics  end the  
actual  high-speed results.. I t .msy '%e  no ted  the.% the 
presenoe of t h e   n a c e i 1 ~ 4  had no eppyecikble   effect  on the 
Mach number for drag divargence compared' t o  the ba8ic wing- 
fuselage  combination,. The o n l y  apprec iab le   e f fec t  o f  the 

. .  

I 

I - 

= I  

I 

I -. ' 
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nacelles is  to steepen  the r i se  of the drag curve a f t e r  the 
Mach number for divergence i s  reached.  Nacelle B exhib i ted  
hfgh-speed  characterlatFcs similar t o  those o f  nace l l e  A. 

CONCLUSIONS 

The r e e u l t s  o f  teste of the esec i f ic  nacelle designs for 

1, Low externa l  &q (G~~ ; *0 .050  b w e d  on f r o n t a l . a r e a )  

t he  hig'h-speed bomber . .  competit ion,  . .  show the following: 

. .  
f o r  all nacelles, a value comparable with the best .radial- 
engine nacelles - c  

. . .  

2. Des i rab le   c r i t l ca l - speed   c l?a?ac ter i s t lcs  f o r  t h e  
txc-unit nacelles 7~1th nsgligible erfect. on the Mach number 
for drag divergence buf with gone. steepent'ng '0-f the drag 
c o e f f i c i e n t  rlse a f t e r  the.3facb number for dlvergance i s  
reached 

3. NegligLbla effacts on lift. chsrkcter is t ics  of the 
wing f o r  the c'entrallg. locatsd . r_acelles 5.nd ai undeslrable  
but expected shift of the an@ -of zerd l i f t  for the underc 
slung nacelles . c . .  .. . 

.. 

. .  . 

. .  . .  - .. , . 

: 

.. 

, 
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.' -LOFTING PROCb& 

The c o n t r o l   l i n e s  ueed in the   conetruct ion of eech  nacel le  
Bhom in f igures:  ,4 t o  7 were Beveloped by use of the methods o f  
conic   lo f t ing   descr ibed   in   re fe rence  6 .  The use of conic 
developnent,,slJaa  advantageous as it ellorrred 8 rapid, accura te  
dupli-cation of the   o r ig lnd .   des ign  t o  any sca le  and assured. 
t r u e   f a i r n e s e  o f  a l l  o f  t he   su r f ace8   a s , t he   r a t e  of  chmge o f  
curvature a t  any goaltion on the body waa continuous. 

l ines ,   the   upper  and l o v e r  center  fines (elevation) pnd t h e  
maximum h@^lf-breadth line (plan) ?rere fir& free- fa i red  t o  
f i t  about t'ne J e t  motor  and in t .e rn .dUf lov  system with the ' 

deeigned l i p  radius, required camber in thm forebody,  atraight 
center  section; and ousped  afterbody. Upper. and lover   shoulder  
develonnent  l inea fnfred i n  die.gonel pla .nes  -determined the 
roundness of the  1ongitud.inoJ.  sections and were se l ec t ed  f rom 
inspec t ion  o f  t h e  forebody end afterbody plan vfem.  A11 five 
development l i n e s  ?{ere then  gatched as c lose ly  .aa- poss ib le  w i t h  
second-~.eeree.curye.s by proper selection of t h e  cont ro l  points. 
The method used. .in determintng a conic curve from cont ro l  
p o i n t s  is s h o m  in f igu re  21, where, f o r  example, by trens- 
l a t i o n  o f  t h e  exec, noint 0 would corroapond t o  the  etart 
of  t he   s t r a igh t   cen te r  section o f  a' nacel le ; .   point  B and tabgent 
l i n e  AB would be determined by t h e   i n t e r s e c t i o n  o f  - the  curve 
and the  lip IcadAcg-edge c i rc le ;   and  p .o in t  D vould be a requi red  
poin t  on t h e  curve. . Thtle, by e e l e c t i n g   t h e   o r i g i n  o f  the axe9 
syatem, 4a sho~vn i n  f i g u r e  2l(a) the   so lu t ion  for each o f  the 
required curves .was found. d i r e c t l y  by evolution o f  the f i v e  
constamts. The basic dimension's of the oont ro l  l i n e s  have been 
e e l e c t e s  to even hundredthe of a n  inch, whi le  the dfmensiong 
that h w e  beon derived from then? w e r e .  computed to ten-thousandths 
of an  inch. . .  

I n  designing the  var ious riacelle8, three bas.ic OF cont ro l  

The up'1er end. lover  c e n t e r   l i n e e  ( e l e v a t i o n ) ,  the  maximum 
half-breaath l i n e  (plan), and the  upper and lower should.er 
l i n e s  (body plan) completely def ine  each nace l l e  ehape as all 
nace l les  m r e  d.esig.ned eymmetrically about t he  center f i n e  
plane. By divld-ing the  half  s e c t i o n s  of' each   nace l le .   in to  t w o  
 quadrant^, it wa8 readi ly   seen that the upper quacirant vas 
determined by the  upper  center l i n e ,  the upper shoulder l i n e  

I 

I 
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T B B U  X - SLWAFU OF N A C E U  CHARACTERt ST1 CS 

Model 
I 

TY pe 
Number of j e t  engines 
Number of wheels 
Fronta l   a rea ,  sq ft 
T o t a l   i n l e t  area, s q  ft 
Jet motor a rea ,  sq It 
Nacelle  incidence,  deg 
Naoelle length,   In .  

CDF, nace l le  drag 
baaed on f r o n t a l  
area, V i / V o  =t 0.8 

Pressure recovery 
f o r  Vo = 0, based 
on entranoe dynamic 
preesure 

Rqaovery 

P la in  
WiM 
" 

"" "- 
"" 

""C 

-"" "- 
" 

0.985 

1.015 
-1.1 ' 

. 010 
, "" 
"I" ""_ 

' ""- 
, "" 

I "" 
"" 

~ C"" 

A 

Underslung 
2 
1 

.2.153' 
259 

1.OOO 
*l 

I. 110 

a 0 4 7  

b 04.2 
.024 

1.00 
99 

' .g1 

C 
Underslung; 

1 
0 

A65 '  
129 
,145 

-1.5 

1.025 
-.4 
1.125 
.016 
.06e: 
058 
e035 

71.22 

1.00 
1.00 
1.00 
1.00 

D 

Central  
1 
0 

.a85 

.IO8 
145 
0 

64.82 

-1,l 
.990, 

1.055 
019 

:E$ .O 

e 9 7  

1.00 
1.00 
1,oo 
1.00 

NATIONAL ADVISORY 
COMMITTEE FOR AERbllMlllCS 
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NACA RM No. Am10 Fig. 1 
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Figure 1.- Sketch of the nacelles mounted on the wing Panel. 
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Figure 2. - Model installation in test section. 



AIRPLANE WING ,.- 
SECTION: NACA 651 - 210 
ASPECT RATIO: 9 
TAPER RATIO: 2.5: I 
SEMI- SPAN: 58.15 FT 
ROOT CHORD : 18.47 FT 

I 

SECTION TESTED IN 
WIND  TUNNEL 

8 
c1 
P 

WING AREA; 22.802 SQ. IT. i? 
SCALE : 1:4,617 z 0 ' :  

MODEL I 

QUARTER -CHORD LINE t . P  

s STRAIGHT 3 

NATIONAL ADVISORY 
COMMITTEE FMI AERONAUTICS 
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Fig. 10 MACA RM No. Am10 
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Fig. 12 NACA RM No. 'A7D10 
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NACA RM No. Am10 .Fig. 15 
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Fig. 16 
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NACELLE A 
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NACA R.M No. Am10 Fig. 17 : 
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NACA RM No. A7DlO Fig. 18 i 
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Figure 18.- Effect of fillets on the wing-nacelle juncture pressure 
distribution of nacelle A. I 
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Figure 19.- Effect of fillets on the wing-nacelle jnCtWe Pressure 
distribution of nacelle B. 
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NACA RM No. Am10 Fig. 20 

MODEL  INSTALLATION IN 16-FOOT WIND TUNNEL 

W I N G  SECTION: NACA 651-2~o, a = I  
TAPER  RATIO 25:l SPAN 10.0 FT 
ASPECT .RATIO 9 AREA 1 1 . 1 1  SQ-FT. 
DIHEDRAL 3* M.A. c. 1.180 FT. 
NACELLE INCIDENC€ -L5O ROOT CHORD I -587 FT. 

PERCENT LINE STRAIGHT 25 

I 

I 

I 

I 

I 
I 

Figure 20. - High-speed characteristics of nacelle A from 
tests in the Ames 16-foot high-speed wind tunnel. * .  
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t 
PARAMETER: k= ec ( 0 - d )  - (Q- b )  e2 

( c d -  be)' 
CONSTANTS: P 5 2 b 

2 ( a - b +  F k )  
ck - c 

Q =  ac I 
Z(o-b+ bz k> 

((a- b + b' k)2 0 x R = c L - 4 a c 2 k  

S = 2PQ 

CONTROL POINTS T = Q 2  

SOLUTION: 
Y= P x + Q - Y R & + ~ x + T  

A TANGENT  POINT 
(3 SHOULDER POINT 
0 -INTERSECTION OF TANGENT LINES 

CcrJ FORMULAE FOR EVALUATING A CONIC  EQUATION. 

Y 
- 

THE TANGENTS TO THE 
REQUIRED CURVE AT THE POINTS 

. OF CONTACT 0 AND B ARE 
OA AND AB. THE GIVEN 
SHOULDER POINT  THROUGH WHICH 
THE CONIC  CURVE  OD6  MUST 
PASS IS D. 

THE eRAPHICAL CONSTRUCTION TO LOCATE ANY P0IN.T P O N  
THE CONIC CURVE IS AS FOLLOWS: 

1. DRAW L L N E ~  OE AND BG THROUGH D, 

4. DRAW BK, A LINE WHICH WILL INTERSECT HF AT THE 

2 DRAW RADIAL  LINE OF TO INTERSECT 86 AT H, 
3. DRAW AH  TO  INTERSECT OE AT K, 

DESIRED POINT P. 

OTHER POINTS ON THE CURVE ARE OBTAINED Bf DRAWING OTHER 
LINES THROUGH 0 AND B. 

C b >  GRAPHICAL CONSTWCTION TECHNIQUE FOR W E  GENERAL CONIC. 

. .  

! 

I 

! 


